Oxford, with Max Cowan and Tom Powell
Geoffrey Raisman was admitted to Oxford to study medicine. Then, as now, in the third year, medics spent a year studying basic science with the opportunity to do a research project. The academically-minded were encouraged to continue to a DPhil. Raisman immediately took to research, and signed up for a DPhil in 1960 in the Department of Anatomy, with W. Maxwell Cowan (FRS 1982) as his supervisor. He received his doctorate in 1963. He was rewarded by being introduced to the microscopic anatomy of the nervous system; as he later wrote: 'No sooner had I traced the strange and beautiful curves of the brain's hippocampus, than I was hooked on the sheer beauty of this mysterious structure' (9). His first studies were on tracing of connections using the technique of staining degenerating axons downstream of a cut, which was the usual method at the time. Max Cowan went on to use radioactive amino acid tracers to discover axon pathways, a method which Raisman also used later in Oxford. This work, a collaboration between Raisman, Max Cowan and Tom Powell (FRS 1978) (whom Raisman greatly respected, but with whom he had a tense and sometimes fractious relationship), led to the first papers on the central olfactory connections, and on the connections of the amygdala, hippocampus, septum and hypothalamus, published between 1963 and 1966.
It was during this time that Max Cowan encouraged him to learn electron microscopy (EM), which was just becoming technically feasible for studies of the nervous system. The first convincing pictures of synapses had recently been produced by Sandy Palay. The EM was to become one of Raisman's loves for the rest of his career. The ultrastructure of the central nervous system (CNS) was very much new territory at the time, and what he saw was a revelation; as he wrote: 'Sitting, head bowed, before a glowing green fluorescent screen in a darkened room, both arms stretched out round the shining stainless steel column of the electron microscope, was like snorkelling a swaying kelp forest. All was in a state of flowing motion, all was in continual change' (12). He took the method of degeneration tracing to the ultrastructural level, seeing the degeneration of synapses after cutting their axons. It was this combination of lesions and synaptic structure that led to the first discovery for which Raisman is famous, and which, as he wrote, 'set my life's pattern'. This was what he termed 'plasticity'.
Plasticity
The view in the early 1960s was that the adult nervous system was a fully formed, rigid structure in which the anatomy was unchanging; after injury there was no possibility of recovery, and when connections were lost there could be no reconstruction. Yet, Raisman was seeing changes after denervation that could only be explained if new synapses are formed to repopulate the denervated sites left behind after lesioning. The model he chose was the septal nuclei in the rat. He lesioned one of the two inputs, the fimbria or the median forebrain bundle. Within two days he saw many vacated synaptic spaces on the septal neurons, as expected, but when he looked at brains from six weeks to a year later, the spaces were filled in with new synapses. In some pictures he saw 'double synapses', in which one synapse appeared to have grown across to occupy both its original site and one of the denervated ones (1) (figure 1). The only explanation was that the remaining synapses had sprouted to fill in the space vacated by degenerated ones. He called this ability of the adult nervous system to make new synapses after injury 'plasticity'.
From the perspective of 2018, where we see new synapse formation as an essential mechanism in learning, after injury and with neurogenesis this seems unremarkable, but from the perspective of 1968 it was extraordinary, and the conclusion was strongly resisted (9). It took Raisman several years to pluck up the courage to publish this finding because he knew it would create controversy, but he was emboldened by his colleagues at University College London, J. Z. Young, FRS and Pat Wall (FRS 1989) , who were discussing ideas such as new synapse formation as the mechanism of memory.
But controversy is what Raisman sparked, including strong disagreements with his colleagues in Oxford, which led to him losing his financial support from the department. Fortunately, he received an award from Christchurch College, but he spent more hours than most colleagues teaching each week to generate an income. It took some time before other researchers had confirmatory findings. The resistance was technical and moral. Patients, it was felt, needed to come to terms with disability after CNS damage and should not be given false hope by stories of possible repair. Raisman writes about a shameful experience at a meeting, where a famous scientist upbraided him: 'What would I do', he said, 'if a mother came to me and said: "My little Willie has got brain damage, can you repair it?"?' Of course, eventually the findings were confirmed and the idea of synaptic plasticity is now at the centre of our understanding of the function of the nervous system.
Raisman clearly understood the long-term implications of synaptic regeneration: it meant that the CNS possesses some self-repair ability, and therefore regeneration and repair in the brain and spinal cord would one day be possible. This realization led to a farsighted speculative article 'What hope for the repair of the brain?', published in 1978 (2). This paper starts by describing the ability of lower vertebrates and invertebrates to self-repair their nervous systems, comments on the formation of connections during embryogenesis, then describes regeneration in the mammalian peripheral nervous system. After describing synaptic plasticity, he states 'the inability of the axon sprouts to cross the lesion and reach their original postsynaptic targets is the prime suspect in the failure of regeneration after axonal injuries in the adult central nervous system', and then concludes 'Our observations on the effects of axonal injuries serve to localize the defect very precisely to the glial cells'. It was this realization that was to guide much of his future research. Also coming from this research was a lifelong interest in the response of astrocytes to injury. He saw astrocytes making a scar after injury and, after cutting inputs, there was a period during which the degenerating terminals appeared to be engulfed by astrocytic processes, clearing the field for incoming new synapses.
Oxford: endocrinology with Geoffrey Harris and Keith
Brown-Grant
In 1962, Geoffrey Harris, FRS succeeded Wilfrid Le Gros Clark, FRS as Professor of Anatomy in Oxford, bringing with him his work on the pituitary control of the endocrine system. Raisman's grasp of EM brought their work together as he formed a long collaboration with Harris's colleague, Keith Brown-Grant. He describes this period in his monograph, 'Geoffrey Harris and my brush with his unit' (16). The first discovery was that the preoptic area is sexually dimorphic (the first time that anatomical dimorphism in the brain had been described), with twice as many amygdaloid connections in females. Following this up with a complex set of castrations and androgen injections, he concluded that 'the pattern of connections developing in the neonatal preoptic area showed plasticity with a binary outcome determined by the presence or absence of exposure to sex hormones'. Next came identification of the brain region required for the hormonal surge leading to ovulation, which led to the conclusion, surprising for the time, that the suprachiasmatic nucleus and diurnal rhythm were necessary for this reproductive rhythm. With further investigations into pituitary stalk regeneration and endocrine memory, Raisman returned to his main preoccupation, plasticity and regeneration.
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Neural transplants
A key finding from Raisman's research on sprouting and plasticity was that the number of synapses in a given region would remain constant, with the newly-formed connections restoring the previous synaptic density. An opportunity to test how robust this idea might be came from the new technique of transplantation of embryonic brain tissue into the adult CNS, introduced by Anders Bjorklund and his colleagues. Transplants of adult brain tissue would die and fail to connect to the host, but if the transplant was made from embryonic tissue taken at the time when the neurons would normally be growing their axons, the graft would survive and there could be extensive axon outgrowth and connections with host neurons. This method allowed Raisman to test his ideas on the formation of connections and the regulation of the number of synapses that could form. He did a series of studies of the innervation of the hippocampus and dentate gyrus by embryonic hippocampal transplants, which grew a dense projection of axons into the host. The rules of innervation were revealed.
There was rigid specificity, with each type of embryonic neuron connecting only to its appropriate target. Moreover, the maximum number of synapses was mostly preserved, and embryonic axons could take the place of host connections (4). This was consistent with Raisman's ideas on plasticity, and implied that there must be some form of competition between synapses for the available space.
Axon regeneration
Looking at the axons growing out from embryonic transplants started Raisman thinking about axon regeneration. To anyone looking at embryonic transplants into the adult nervous system, the dramatic observation is the prolific growth of axons into the host brain and spinal cord. Several studies with Ying Li and Steve Davies showed that embryonic axons could grow through host white and grey matter, through the supposedly inhibitory environment of the adult nervous system. What was going on? Remember, the view that axon regeneration could never occur in the damaged nervous system was still very much accepted, but this view was being modified by the work of Albert Aguayo, who was showing at around this time that axons from the CNS could regenerate if they were given a permissive peripheral nerve environment, suggesting the CNS environment is selectively very inhibitory for regeneration.
For the development of Raisman's ideas on regeneration, the key conclusion he drew from studying embryonic transplants was that undamaged adult CNS is not particularly inhibitory to axon growth. He concluded that it must be the local scar tissue that forms just at the site of injury (but not around embryonic transplants) that is the structure that blocks regenerating axons. He called this the 'pathway hypothesis' (11), and this was the idea that was to shape much of his future work.
From his EM studies he saw that astrocytes, the cells that form scar tissue, have two different surfaces. There is an external surface, which forms the outside wall of the brain and spinal cord and which never contacts neurons, and an inside surface, which appears to be nerve fibre-friendly. Scar tissue was full of what appeared to be outside-like reactive astrocytes.
Neurogenesis and axon regeneration in the olfactory system
With the pathway hypothesis, Raisman was now looking at ways to modify pathways in the injured adult nervous system to make them permissive. He was always a wide and voracious reader of the literature, and he came across some experiments that were to be the gateway to his next steps in research.
Pasquale Graziadei, a former student of J. Z. Young at University College London, was working in Florida. He had discovered a unique part of the nervous system where nerve cells are continually replaced throughout adult life. These cells are the receptors in the olfactory system, which lie in the upper nasal lining and are responsible for the sense of smell. These cells are exposed to the rough environment of the inhaled atmosphere and have to be constantly replaced. Graziadei had detected dividing cells here by their uptake of a radioactive DNA component. For Raisman, this was a revelation because it implied that these new neurons must somehow be growing their nerve fibres into the adult brain, breaching the barrier of wall-forming outside astrocyte processes. How could they do it? Again, it was electron microscopic anatomy that provided the explanation. Raisman saw that there were special pathway cells, olfactory glia, which contacted the wall astrocytes, causing them to open apart at the brain surface, prising open a gap in the outside glial wall and laying a path along which the new nerve fibres could grow and reach their target neurons (3). This raised a possible way in which the blockage to regeneration at the glial scar could be overcome: if olfactory glia can open out the astrocytic environment for olfactory fibres, surely, Raisman argued, they could open out glial scars and make a path for damaged nerve fibres to regenerate through.
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Testing this scar bridging idea had to wait until a method for purifying and culturing the olfactory glia was developed in Canada. It was then finally possible to transplant these pathway-forming cells into a damaged rat spinal cord. Ying Li, Daqing Li and Raisman developed a method that allowed them to culture olfactory glia together with their accompanying fibroblasts, then harvest the cells and transplant them into a very tiny lesion in the adult rat corticospinal tract. The corticospinal tract is the main pathway through which the human brain controls motor activity, so regenerating it is the key to spinal cord repair.
Raisman has described his 'eureka' moment several times in his writings. The test for corticospinal function in rats is called 'skilled forepaw reaching'. For this test they have to reach through a small window to grasp a little piece of delicious noodle; normally, rats can do this task easily, but after a corticospinal tract lesion their forepaw control is weak and clumsy, and they fail.
However, the rats treated with olfactory glia started to recover, as he wrote: 'I could hardly believe my eyes. The rat put its left paw forward, just tentatively then paused. I was amazed. But I think the rat was equally amazed. For a moment we looked at each other in surprise. Then it went on and took the food. And at that moment I knew the breakthrough had come. ' All the transplanted rats subsequently recovered forepaw function, and axons were seen regenerating through the lesion (figure 2). The result was described in several high-profile papers and reviews (5, 6, 7). This was the result that convinced Raisman that olfactory glial transplantation was a potential treatment for human patients who had suffered a spinal cord injury. This was going to be the direction of his laboratory for the future.
Moving to the Institute of Neurology, 2005
As Raisman's scientific work was becoming more exciting and fulfilling, his professional position was increasingly threatened. The scientific culture of the MRC National Institute for Medical Research, where Raisman was a head of division, was moving further and further towards fundamental molecular and cellular biology, and Raisman's anatomical approach was increasingly out of step. The five-yearly reviews were not a pleasant experience, and eventually the MRC decided that the division would be closed, giving Raisman a couple of years in which to find an alternative scientific home.
He describes this period as his darkest days. He, Ying and Daqing Li stuck together, convinced of the promise of their spinal cord repair work and determined to see it through. 
Olfactory glia for human CNS repair
With their arrival in the Institute of Neurology, Raisman, Daqing Li and Ying Li acquired a new set of colleagues and also close contact with clinicians involved in treating spinal cord injury and related conditions. They started to focus on practical questions. If you have rather few cells available to transplant, which type of injury can you treat? It was becoming clear that it would be difficult to grow very many cells, and human spinal cord injuries can be large cavities, centimetres long, in which a few cells would be lost. For this reason, root avulsion became a focus. Root avulsion is a traumatic condition in which the shoulder is suddenly forced downwards, for instance after a fall from a motorcycle, ripping the nerves carrying sensory and motor fibres from the side of the cord. Just re-implanting these nerves is not very successful because axons fail to grow through the scar tissue. Maybe an interface of olfactory glia at the small repair site would help nerve fibres to regenerate into and out of the cord, restoring function. This turned out to be a very successful idea in an animal model (10), and treatment of human patients with root avulsion was the plan for several years, Thomas Carlstedt and David Choi being the clinical collaborators. The problem that held things back was making enough human cells. Olfactory glia can come from the mucosa of the nose where an ENT surgeon can make small biopsies, or more problematically they can come from the olfactory bulb of the brain, which requires a larger and more hazardous operation by a neurosurgeon. After a lot of effort, it was possible to multiply mucosal cells, but it turned out that they were not nearly as good as olfactory bulb cells at stimulating regeneration. However, it was now clear that it was safe to transplant the cells into a chronic spinal cord injury: Alan Mackay-Sim from Brisbane had led a safety trial in which multiple spinal cord injections were made without any damage to the patients' function.
It was at this point that a young neurosurgeon from Poland, Pawel Tabakow, became a key figure in the story. He had met Raisman at meetings, and he made contact to confirm that he and his team in Wroclaw had found out how to grow olfactory glia from human nasal epithelium and that they were planning to transplant some into spinal injury patients. In this first study, using cells from large nasal epithelial biopsies, the three transplanted patients showed some local sensory recovery and minor motor recovery, but the results fell short of everyone's hopes (13).
Tabakow now invented a new, less hazardous operation that would allow him to biopsy the olfactory bulb from below the eye and obtain the better type of olfactory glia. He also had a patient, known as D, who wished to have the treatment. D had suffered a stab injury, which had partially severed the cord, and also had anosmia, so he would not miss his olfactory bulb. From the biopsy operation a large culture of proliferated olfactory glia was made, and at the second operation, with Raisman present, the cells were placed in multiple injections around the injury and the void gap was bridged with four strips of nerve from D's sural nerve.
After the operation, D continued with intense rehabilitation. He started to report some improvements in sensation in his leg, and then some voluntary limb movement, which eventually enabled him to walk with the aid of a frame (14) (now in 2017 he is able to propel himself by pedalling a tricycle). D was delighted and excited by his recovery. The result caused great excitement in the team, and the optimism it generated led to two Panorama programmes on the BBC. This was a controversial moment, with some colleagues thinking that Raisman had oversold his discovery, others agreeing with him that this was a great step forward. Tabakow remains committed to the treatment, and further trials are in progress.
Glaucoma
As with many of Raisman's ideas, his theories on glaucoma, one of the most common neuropathies in the world, came from a careful study of electron micrographs. His extraordinary ability to do complex three-dimensional reconstructions of two-dimensional images in his mind and to visualize changes over time were the key.
Raised intraocular pressure leads to various distortions of the optic nerve head, where the optic nerve leaves the eyeball to carry the retinal ganglion cell axons to the brain. Raisman noticed very specialized glial cells, which he called 'fortified astrocytes', surrounding the optic nerve axons at this point. These cells have enormous and plentiful mitochondria, suggesting that they are very metabolically active, and a very accentuated cytoskeleton, suggesting that they carry mechanical force (figure 5). With raised eye pressure these cells were prised away from the axons and both they and the axons then started to die.
Raisman suggested that the fortified astrocytes were responsible for providing direct metabolic and mechanical support to the axons and could pump excess fluid out of the eye. He argued that the constant variations in pressure and mechanical force associated with intraocular pulsation and eye movements might be buffered by these specialized structures. The breakdown of this support with age, and due to stresses such as raised intraocular pressure, might lead to the clinical manifestations of this increasingly common neuropathy. Together, he and his collaborators called this the energy theory of glaucoma (15).
While there are other theories about the cause of this disabling condition, the new energy hypothesis is congruent with current ideas on glial support of axonal metabolism, and it provides a common hypothesis for this increasingly common pathology and a framework for the development of new therapies.
Approach to science
Raisman was first and foremost an anatomist. This may not sound glamorous, but every step of his scientific career is a reminder of what can be learned from the careful study of microanatomy, and from an ability to reconstruct from their anatomy the cellular events in space and time.
The concept of plasticity came from observing changes in synapses at different times after partial denervation; the pathway hypothesis came from studying axons and glia in the damaged spinal cord; olfactory glia bridges came from looking at how new olfactory axons penetrate the brain; and the energy theory of glaucoma came from the microanatomy of the optic nerve head.
The ultrastructure of the nervous system was new when Raisman first observed synapses in Oxford, but his work is a reminder that this well-established method is still the underpinning of much of biology. Raisman thought of tissues rather than individual cells. His anatomy told him that the various cell types work together to create structures and events. For instance, olfactory glia are always associated with a form of olfactory fibroblast, and it is the combination of these two that promotes regeneration, but each cell type individually does not work. He was never happier than when looking down a light or electron microscope and his powers of observation and interpretation of these images were extraordinary and formed the basis of his scientific career.
